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ABSTRACT
SHELLY LEIGH OSBORN: Molecular Analysis of Endophytic Bacteria Associated with
Lettuce
(Under the direction of Colin R. Jackson, Ph.D.)
Bacteria associated with lettuce and spinach have been linked to outbreaks of
infectious diseases in humans. While studies have examined the culturable bacteria residing
on lettuce surfaces, few have evaluated the non-culturable bacteria within the plant. This
study used molecular techniques to examine the bacterial community present in five different
salad greens (green leaf lettuce, red leaf lettuce, romaine lettuce, iceberg lettuce, and baby
spinach). Both conventionally and organically grown samples of each salad type were
examined, and samples were processed as purchased and following surface sterilization.
DNA was extracted from homogenized samples and polymerase chain reaction (PCR) was
used to amplify bacterial 16S rRNA gene fi-agments. Co-amplified plant mitochondrial DNA
was excluded and PCR products reamplified to obtain only bacterial DNA. These
amplification products were subsequently amplified with bacterial specific primers suitable
for denaturing gradient gel electrophoresis (DGGE), which was used to initially examine
differences in bacterial community structure across samples. Purified 16S rRNA gene
amplifications were also cloned into plasmid vectors to generate clone libraries for the
surface sterilized samples. Clones from each library were sequenced to identify dominant
endophytic bacteria within each leaf vegetable type.
Based on bacterial band intensities, the largest amount of bacterial DNA was obtained
fi-om baby spinach, which also gave the largest number of bacterial species identified. This
suggests that baby spinach may be a more nutrient rich environment for bacterial growth than
the other lettuce varieties. DGGE showed various differences between samples, although
sterilized and unsterilized samples of regularly grown green leaf lettuce had identical
bacterial community structure, suggesting that the bacteria associated with this plant are
primarily endophytes. Across all samples, the most dominant bacteria were unclassified
species of Pseudomonas, Stenotrophomonas and Ralstonia, as well as Ralstonia
solanacearum. These bacteria are primarily related to plant diseases, either as a causal agent
or as a potential biological control mechanism for improved plant survival and growth. This
study concluded that the endophytic bacteria associated with salad greens are essentially
plant-related and may function in both the survival as well as the infection of these lettuces.
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Food microbiology has been a topic of great interest in recent years because of
various outbreaks of foodbome illnesses worldwide. The specific discipline of food
microbiology evaluates the microorganisms residing within foods, as well as the
environments that they live in. In more recent years, the discovery of foodbome
pathogens has shifted food microbiology's original focus of preventing spoilage to the
detection of these disease-causing microorganisms (Montville and Matthews 2008).
Foodbome illnesses are estimated to cause approximately 9.4 million illnesses, over
55,000 hospitalizations, and 1,351 deaths in the United States each year (Scallan et al.
2011). Meats and dairy products have been a focal point of food microbiology because
of the large number of pathogenic bacteria such as Salmonella, Campylobacter, and
Escherichia coli that reside on and within these products (Montville and Matthews 2008,
Altekmse et al. 1999). Each of these bacteria have been found in meats including poultry
and pork, and various types of red meat (Sackey 2001, Humphrey 2006, Boyen 2008).
Additionally, Salmonella has also been detected in milk, as well as cheese products
(Boyen 2007, Poppe 2011). By learning more about these pathogens, better precautions
regarding food production and handling can be implemented to avoid infection.
While meats and dairy products are important for public health and disease
prevention, bacteria also reside on and within plants. Agricultural needs are often an
important point of interest when evaluating plant-associated bacteria (Johansson 2004,
Cavagnaro 2008). However, further examination of fruits and vegetables shows that they
can contain bacteria capable of causing disease. Bacterial pathogens such as Escherichia
coli, Salmonella, Listeria monocytogenes, and Campylobacter jejuni have been linked to
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infectious outbreaks associated with fruits and vegetables (Heaton and Jones 2008).
More specifically, Listeria monocytogenes has been found on fresh produce such as
potatoes, cucumbers, peppers, tomatoes and leafy vegetables (Beuchat 1998), and one
study isolated Listeria monocytogenes from 3 of 120 bagged lettuce samples (Szabo et al.
2000). Another study showed that Campylobacter can be associated with fresh
vegetables such as lettuce, sweet potatoes and cucumbers (Brandi et al. 2004), and salad
products are the second leading risk factor for Campylobacter contamination, following
only poultry (Evans et al. 2003). Examination of these infectious bacteria on plants is
vital in disease control and prevention efforts.
While multiple studies have examined culturable bacteria associated with plants,
not all bacteria are culturable (Johansson 2004, Cavagnaro 2008). Less than 1% of all
bacteria in natural environments are thought to be detected by standard culturing
techniques, largely because of differences in growth conditions based on growth media,
temperature, and even metabolic ability (Hugenholtz 2003). By focusing on the bacteria
that can be cultured, the majority of studies on plant-associated bacteria are likely
missing many taxa. These non-culturable bacteria are able to be detected using molecular
techniques involving bacterial 16S rRNA gene segments, and these techniques have been
used to detect pathogenic bacteria in plants as well as in soils (e.g. Llop 1999, Lacava
2006, Janssen 2006).
During molecular analyses of bacterial communities, bacterial cells are typically
lysed to extract their DNA. Sections of this DNA are amplified by polymerase chain
reaction (PCR), using specific primers to target bacterial 16S rRNA genes. These genes
are evolutionarily more conserved than other genes, and can be used to identify bacteria
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and determine phylogenetic relationships (Pace 1996), The amplified 16S rRNA gene
fragments can also be used to determine similarities and differences in bacterial
community structure through techniques such as denaturing gradient gel electrophoresis
(DGGE; Jackson and Churchill 1999). Molecular cloning and sequencing can also be
used to identify individual bacterial species in  a mixed community. Thus, through the
use of 16S rRNA approaches, it is possible to identify bacteria as well as determine
similarities and differences in the overall bacterial community structure between samples.
Few studies utilizing these molecular approaches have been done on plants. Even
fewer investigations have looked at the naturally occurring bacteria on and within salad
vegetables such as lettuce and spinach. While culture-based techniques have revealed
that various pathogenic bacteria such as Listeria, Campylobacter, and E. coli are found
on lettuce (Heaton and Jones 2008), little is known of the naturally occurring bacteria on
and within this plant material. This study used molecular techniques to compare the
bacterial communities on and within commercial salad leaf vegetables. Rather than focus
on specific pathogens, I sought to identify the natural bacteria within this material, which
are likely to be ingested by humans on a frequent basis. In particular, 16S rRNA
approaches were used to identify the bacterial endophytes residing within the leaf
material that are not removed by surface washing or sterilization.
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METHODS
Experimental set-up and procedure
Different types of lettuce and salad greens were obtained from the Kroger grocery
store in Oxford, MS during the fall of 2010 (Table 1). Samples included five different
types of greens, each purchased in both organic and regular varieties. In the laboratory,
two samples (one to be surface sterilized, one left unsterilized) were taken from each type
of lettuce or spinach and weighed (Table 2). Surface sterilized samples were rinsed with
tap water followed by a 5 minute wash in 1.3% sodium hypochlorite solution and a 2
minute wash in 70% ethanol. Ethanol was poured off, and the sample was rinsed (3x) in
sterile distilled water. Unsterilized samples were rinsed with tap water. Each sterilized
and unsterilized sample was added to 100 ml of magnesium phosphate buffer and
homogenized using a Fisher Scientific Power Gen 500 homogenizer, pre-sterilized with
70% ethanol. Following homogenization, the sample was filtered using 70% ethanol-
sterilized equipment and a Whatman 1 filter (11 pm nominal pore size) prewashed with
sterile water. 35 ml of filtrate was collected for each sample and centrifuged for 10
minutes at 8,000xg, the supernatant poured off, and the moist pellet transferred to a 1.5
ml sterile microcentrifuge tube. This pellet was further centrifuged at 8,000xg for 10
minutes, the supernatant removed, and the pellet frozen at -20°C until DNA extraction.
Samples were designated by variety as green leaf lettuce (Gr), red leaf lettuce (Re),
iceberg lettuce (Ic), romaine lettuce (Ro), or baby spinach (Sp); by type as organic (0) or
regular (R); and by processing method as sterilized (S) or unsterilized (U).
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Table 1. Types of lettuce used in the study organized by brand name, organic or regular,
packaging method, washing, date of acquisition, expiration date, and distribution
location.
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Table 2. Mass of each sterilized and unsterilized lettuce sample that was homogenized







Unsterilized Regular Romaine 19.93Ro-R-U
Ro-O-S Sterilized Organic Romaine 20.83
Ro-O-U Unsterilized Organic Romaine
Sterilized Regular Baby Spinach
Unsterilized Regular Baby Spinach
Sterilized Organic Baby Spinach
Unsterilized Organic Baby Spinach
Sterilized Regular Green leaf
Unsterilized Regular Green leaf
Sterilized Organic Green leaf



















Unsterilized Organic IcebergIc-O-U 21.46
Sterilized Regular Red Leaf
Unsterilized Regular Red Leaf
Sterilized Organic Red Leaf






DNA extraction and amplification
The frozen sample pellets were allowed to return to room temperature, and a
PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, CA) was used to extract
DNA. The manufacturer’s protocol was modified in that samples were heated for 10
minutes at 60 °C while the samples were in the lysis buffer. DNA recovery was
confirmed by electrophoresis in 1.3% agarose gels.
16S rRNA gene fragments were amplified from the DNA by using polymerase
chain reaction (PCR). Bac799f (5’-AACMGGATTAGATACCCKG-3’) and Univl492r
(5’-GGTTACCTTGTTACGACTT-3’) primers were used to amplify a segment of the
16S rRNA gene. The combination of Bac799f and Univl492r primers targets bacterial
DNA specifically without amplifying chloroplast DNA (Sagaram et al. 2009). Plant
mitochondrial DNA is co-amplified, but yields a 1,090 bp fragment compared to a 735 bp
fragment for bacterial DNA (Chelius and Triplett 2001). PCR was earned out in 50pl
reactions comprised of 2 mM MgCL, 0.2 mM deoxyribonucleotide triphosphates, 0.4 pM
of each primer, 1.0 U Taq polymerase, as well as the template sample DNA. Reactions
were run in a MyCycler Thermo Cycler (Bio-Rad, Hercules, CA, USA) and consisted of
3 min at 95 °C, followed by 94 °C (20 s), 50 °C (40s), 30 cycles of 72 °C (40 s), and a
final extension of 72°C (7 min). Positive (genomic DNA from Escherichia coli) and
negative (reactions with no template DNA) controls were run along with the samples to
verify that the process was completed properly and without contamination.
Amplification was confirmed with 1% agarose gel electrophoresis, which also
separated bacterial and mitochondrial DNA fragments. The gel was stained with
ethidium bromide, observed under UV light and a razor blade used to excise the band that
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traveled the greatest distance, which represented bacterial DNA (Chelius and Triplett
2001). DNA was recovered from the obtained gel pieces using a Montage DNA Gel
Extraction Kit (Millipore Corporation, Bedford, MA). This DNA was used as the
template in a second amplification round with the same reaction components and
conditions as previously described. Agarose gel electrophoresis was completed to verify
that the products of these amplifications consisted solely of bacterial DNA. These
amplification products were purified and concentrated using Montage PCR kits
(Millipore, Billerica, MA, USA) following the manufacturer’s instructions.
The purified bacterial 799-1492 amplification products were used as templates in
another set of amplifications to produce 16S rRNA gene fragments for analysis by
denaturing gradient gel electrophoresis (DGGE). This amplification cycle began with 2
minutes at 95 °C, followed by 95 °C (30s), 43 °C (30s), 26 rounds of 72 °C (45 s), and a
final extension of 72 °C (7 min). The primers Bacl070f (5’-ATGGCTGTCGTCAGCT-
3’) and Univl392GC (5’-ACGGGCGGTGTGT-3’, with an additional 40 base GC
clamp) were used for this round of PCRs (Ferris et al. 1996). Reactions were 50 |xl and
contained 2 mM MgCE, 0.2 mM deoxyribonucleotide triphosphates, 0.4 pM Bacl070f
primer, 0.4 pM Univl392GC primer, 1.0 U Taq polymerase, and template sample DNA.
Negative and positive control reactions were also performed. Results from this
amplification were viewed on an agarose gel using DNA gel electrophoresis.
Denaturing gradient gel electrophoresis
The segments of bacterial 16S rRNA genes obtained from the Bacl070f-
Univl392GC amplifications were used in DGGE. Each amplified sample was run
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through a 40-70% denaturing urea-formamide gradient in 8% acrylamide. Gels were run
for 21 hours at 60 V and 60 °C. Because of the quantity of samples to be analyzed,
samples were split between two DGGE gels. Running conditions were held constant
between gels to facilitate comparisons. Gels were stained with S YBR green and viewed
with UV transillumination using Kodak Molecular Imaging Software version 4.0.5
(Eastman Kodak Company, Rochester, NY). Gels were analyzed based on similarities
and differences of the bands between samples. Results were converted to binary data
based on the presence or absence of bands at specific positions, and binary data
entered into Ginkgo software (Department of Vegetal Biology, University of Barcelona)
where it was used to create similarity scores. Jaccard-Ellenberg  similarity indices
used to produce cluster analyses via an unweighted pair group method with average
means (UPGMA), as well as non-metric multidimensional scaling (MDS) plots. Previous
studies have used these techniques for the analysis of DGGE gel banding patterns (e.g.
was
were
Lyautey et al. 2005, Jackson and Weeks 2008).
Cloning and DNA Sequencing
The purified segments of bacterial 16S rRNA genes obtained from the second set
of Bac799f-Univl492r amplifications were used for genetic cloning. Because the focus
of this study was on differences in the types of bacteria within the plant, only the
sterilized lettuce samples were examined this way, which also eased time and logistical
constraints. The cloning procedure used a TOPO TA Cloning kit (Invitrogen Corporation,
Carlsbad, CA) and followed the manufacturer’s directions. Briefly, cloning involved
inserting the amplified DNA into plasmid vectors which were then introduced into E. coli
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cells. These cells were plated onto LB agar plates containing 0.05 mg/ml kanamycin that
had also been coated with 40 pi of 5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside
(X-gal) solution (40 mg/mL in dimethyformamide). After cells were plated, they were
incubated overnight at 37 °C. White bacterial colonies (indicating cells that had been
transformed and taken up the vector containing amplified DNA) were then transferred to
an additional plate containing both kanamycin and X-gal as previously described. These
transferred colonies were allowed to incubate overnight at 37 °C. After incubation, plates
were stored at 4 °C until DNA sequencing. At that time, white bacterial colonies from
these plates were transferred to a new set of LB agar and kanamycin plates, incubated
overnight at 37 °C, and sent to a dedicated sequencing facility (Functional Biosciences,
Madison, WI). Approximately 20 clones were sent from each lettuce type.
DNA sequence files were modified to eliminate potentially erroneous data at
either end, and the resulting DNA sequences for each sample were entered into the
Greengenes online database (http://greengenes.lbl.gov/cgi-bin/nph-index.cgiL Sequences
were aligned using the NAST algorithm based on similarities of nucleotides in
comparison with a set of core genes and the sequences expanded to fit a template size that
could be compared to those within the database (DeSantis et al. 2006 a). Aligned
sequences were reviewed, chimeric sequences removed, and bacterial identifications and
lineages established (DeSantis et al. 2006 b).
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RESULTS
Bacterial DNA Extraction and 16S rRNA Gene Amplification
DNA was successfully extracted from all 20 samples, including both sterilized
and unsterilized lettuce and spinach leaves. However, different samples varied in their
yield of DNA (as inferred from band intensity with gel electrophoresis) and many
samples showed more than one distinct band. DNA extractions for all spinach samples
(Sp-R-U, Sp-R-S, Sp-O-U, Sp-O-S), unsterilized regular romaine (Ro-R-U) and sterilized
organic iceberg (Ic-O-S) did show one clear band, but this was of relatively low intensity
compared with other samples. The other samples all showed very bright bands on the gel.
The results of the initial PCR using the primers Bac799f and Univl492r showed
two distinct bands for each of the twenty samples (Figure 1). The band that traveled the
furthest represented bacterial DNA (approximately 735 base pairs in length), while the
band that traveled a shorter distance represented plant mitochondrial DNA
(approximately 1,090 base pairs). When the relative intensities of bands were
determined, unsterilized regularly grown baby spinach (Sp-R-U) was found to have the
highest percentage of amplified endophytic bacterial DNA (Table 3). Other samples
showing high amplification percentages for bacterial DNA compared to mitochondrial
DNA were unsterilized organically grown baby spinach (Sp-O-U), green leaf lettuce (Gr-
0-U), iceberg lettuce (Ic-O-U), and red leaf lettuce (Re-O-U). The lowest relative
intensity of bacterial DNA was found for the unsterilized regular green leaf lettuce
sample (Gr-R-U), which had just 13% bacterial DNA. Sterilized samples of
organic baby
spinach (Sp-O-S) along with regular green leaf (Gr-R-S) and iceberg (Ic-R-S) lettuces
also showed low percentages of bacterial DNA relative 
to plant mitochondrial DNa
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Figure 1. DNA gel electrophoresis of amplified 16S rRNA gene segments from salad
greens using primers Bac799f and Univl492r. Each sample shows two bands: bacterial
DNA (735 bp) and mitochondrial DNA (1,090 bp). Samples are designated by plant
variety (Ro = romaine, Sp = baby spinach, Gr = green leaf, Ic = iceberg. Re = red leaf),
production type (R = regular, 0 = organic), and sterilization procedure (U = imsterilized,
S = surface sterilized). DNA amplified from Escherichia coli was used as a positive
control.
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Table 3. Intensities of the bacterial DNA band and plant mitochondrial DNA band
following agarose gel electrophoresis after PCR amplification of each sample. The


















































Re-R-S Sterilized regular red 66% 34%
leaf
Re-O-U Unsterilized organic red 44% 56%
leaf
Re-O-S Sterilized organic red 77% 23%
leaf
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In general, unsterilized organically grown samples tended to show a greater proportion
of the DNA as bacterial bands than other sample types (Table 3).
When the shorter (presumably bacterial) DNA fragment was excised and
reamplified with Bac799f and Univ 1492r primers, amplifications yielded one band of the
correct size (735 bp) for bacterial DNA for each sample (Figure 2). This bacterial DNA
could be further amplified using primers Bacl070f and Univl392GC to yield 16S rRNA
gene fragments suitable for analysis by denaturing gradient gel electrophoresis.
Denaturing Gradient Gel Electrophoresis
DGGE showed that many of the samples shared similar banding patterns (e.g.
Figure 3). Two bright bands traveled approximately halfway down the gel for all
samples, although these bands were fainter in the sterilized and unsterilized organic red
leaf (Re-O-S, Re-O-U) samples than other samples. The first DGGE band present in
each sample also traveled the same distance, the only exception being for sterilized
organically grown baby spinach (Sp-O-S). All types of romaine lettuce (Ro-R-S, Ro-R-
U, Ro-O-U, Ro-0“S) showed two similar bands at the bottom of the gel, and this was also
seen in sterilized organic baby spinach (Sp-O-S). Other samples had bands that were
unique to them. For example, unsterilized organic iceberg (Ic-O-U) lettuce showed
multiple bands in the lower portion of the gel that not found in other sampleswere
(Figure 3).
The number of bands present for each sample represents the number of different
16S rRNA gene fragments within that sample, and is an estimate of the diversity of
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Figure 2. DNA gel electrophoresis of excised bacterial 16S rRNA gene segments that
were reamplified using primers Bac799f and Univl492r. Samples are designated by
plant variety (Ro = romaine. Sp = baby spinach, Gr = green leaf, Ic = iceberg. Re = red
leaO, production type (R = regular, 0 = organic), and sterilization procedure (U =
unsterilized, S = surface sterilized). DNA amplified from Escherichia coli was used as a
positive control.
I  II
^ “r O o c
Qi Di Cii Di ^
15
Figure 3. Denaturing gradient gel electrophoresis of 16S rRNA gene fragments amplified
from samples of lettuce and spinach. Each band is representative  of a dominant bacterial
species within that community. Samples are designated by plant variety (Ro = romaine.
Sp = baby spinach. Gr = green leaf. Ic = iceberg, Re = red leaf), production type (R =






bacterial species present within that community. Sterilized, conventionally grown, baby
spinach (Sp-R-S) and organically grown, romaine lettuce (Ro-O-S) had the greatest
number of bands (14 total). Unsterilized samples of regular baby spinach (Sp-R-U),
regular romaine (Ro-R-U), and organic iceberg (Ic-O-U) were almost as diverse, with 12
bands each. In contrast, sterilized organic red leaf lettuce (Re-O-S) and unsterilized
conventionally grown iceberg lettuce (Ic-R-U) had the lowest diversity, with just 8 bands
each. Sterilization showed no consistent impact on the number of DGGE bands obtained.
For example, sterilized samples of organic romaine lettuce (Ro-O-S) and regularly grown
baby spinach (Sp-R-S) exhibited higher numbers of DGGE bands than their unsterilized
counterparts, while sterilized samples of organic iceberg (Ic-O-S) and red leaf (Re-O-U)
lettuces showed lower band diversity than corresponding unsterilized samples. Similarly,
there was no apparent relationship between growth method (conventional or organic) and
number of bands.
Cluster analysis of binary data generated from the DGGE profiles (Figure 4)
showed that the bacterial communities residing within all types of romaine lettuce (Ro-R-
U, Ro-R-S, Ro-O-U, Ro-O-S) were similar to each other, and also somewhat similar to
the unsterilized, regular red leaf lettuce (Re-R-U). This pattern was also seen using
multidimensional scaling (Figure 5). All green leaf lettuces (Gr-R-U, Gr-R-S, Gr-O-U,
Gr-O-S) also had similar bacterial community composition, and the sterilized and
unsterilized regular green leaf lettuce samples (Gr-R-S, Gr-R-U) were essentially
identical (Figures 4 and 5). Communities of bacteria within red leaf lettuces (Re-O-U,
Re-O-S, Re-R-U, Re-R-S) and iceberg lettuces (Ic-O-U, Ic-O-S, Ic-R-U, Ic-R-S) did not
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Figure 4. Cluster analysis dendrogram derived from binary data based on presence and
absence of bands in DGGE gels. Samples that are closer in their branching patterns are
perceived to contain more similar endophytic bacterial communities. Samples are
designated by plant variety (Ro = romaine, Sp = baby spinach, Gr = green leaf, Ic =
iceberg, Re = red leaf), production type (R = regular, 0 = organic), and sterilization






















Figure 5. Non-metric multidimensional scaling plot generated from binary data based on
presence or absence of bands in DGGE gels. Samples located closer together contain
more similar bacterial communities. Samples are designated by plant variety (Ro =
romaine, Sp = baby spinach, Gr = green leaf, Ic = iceberg, Re = red leaf), production type




















group tightly together, and were scattered throughout the other samples in both the cluster
analysis dendrogram (Figure 4) and multidimensional scaling plot (Figure 5). The most
different leaf vegetable samples (baby spinach) also did not group together: the organic
samples (both sterilized an unsterilized) were generally similar to those from iceberg
lettuce, while the regular baby spinach samples grouped with the various green leaf
lettuce samples (Figures 4 and 5).
Cloning and Identification of 16S rRNA Gene Fragments
Genetic cloning of the sterilized plant samples yielded white bacterial colonies,
representing positive transformation, for all samples tested. Following sequencing, 27
different bacterial 16S rRNA gene sequences were identified across all types of lettuce
and spinach. Pseudomonas (Gammaproteobacteria), Stenotrophomonas
(Gammaproteobacteria), and Ralstonia (Betaproteobacteria) were the most prevalent
genera across all samples, together comprising 78% of all bacterial species identified
(Figures 6-15). Pseudomonas was the most commonly identified at 35% of the total.
while Ralstonia and Stenotrophomonas accounted for 31% and 12% of clones,
respectively. Representatives of the genus Pseudomonas were found in all sterilized
samples except for organic green leaf lettuce.
A large proportion of the clone sequences from both organic and regular green
leaf lettuce were identified as Ralstonia species (Figures 6 and 7). An unidentified
species of Ralstonia and Ralstonia solanacearum were the most dominant species
identified in sterilized organically grown, green leaf lettuce (Gr-O-S), accounting for
59% and 29%, respectively, of the clones sequenced (Figure 6). Unclassified species of
20
Figure 6. Identifications and percentages of each bacterial species present in organic
green leaf (Gr-0) lettuce. Percentages represent the proportion of that species within





















Figure 7. Identifications and percentages of each bacterial species present in regular
green leaf (Gr-R) lettuce. Percentages represent the proportion of that species within

















Pandoraea (Betaproteobacteria) and Methylophilus (Betaproteobacteria) were also
present, each accounting for approximately 6% of the sequences identified. Sterilized
conventionally grown, green leaf lettuce (Gr-R-S) also showed the presence of Ralstonia
(an unclassified Ralstonia sequence accounted for 25% of the clone library), but the most
abundant sequence in this clone library was an unidentified species of Pseudomonas,
which accounted for 44% of the sequence clones (Figure 7). Sequences identified as
Pantoea ananatis (Gammaproteobacteria), Methylobacterium aquaticum
(Alphaproteobacteria), and an unclassified species of Sphingomonas
(Alphaproteobacteria) were also identified in the conventionally  grown green leaf lettuce
sample.
An unclassified Ralstonia species was also a dominant sequence identified in the
red leaf lettuce (Re-O-S, Re-R-S) clones, and accounted for 33% of the clones from the
organically grown red leaf lettuce sample and 72% of the clones sequenced from the
regular sample (Figures 8, 9). Two additional Ralstonia species, Ralstonia solanacearum
and Ralstonia syzygii, were also identified within regular red leaf lettuce (Figure 9),
whereas the organic sample yielded a large number of clones (33% of those identified)
classified as Flavobacterium succinicans (Bacteroidetes)(Figure 8). Both organically
grown and conventionally grown red leaf lettuces also contained an unidentified species
of Pseudomonas, which represented 17% of clones derived from the organic sample
(Figure 8) and 7% from the regular sample library (Figures 9).
As with the green leaf and red leaf lettuces, members of the genus Ralstonia were
common sequences in iceberg lettuce (Figures 10 and 11). Different species within this
23
Figure 8. Identifications and percentages of each bacterial species present in organic red
leal (Re-0) lettuce. Percentages represent the proportion of that species within clones



















Figure 9. Identifications and percentages of each bacterial species present in regular red
leaf (Re-R) lettuce. Percentages represent the proportion of that species within clones















Figure 10. Identifications and percentages of each bacterial species present in organic
iceberg (lc-0) lettuce. Percentages represent the proportion of that species within clones
















Figure 1 1 . Identifications and percentages of each bacterial species present in regular
iceberg (Ic-R) lettuce. Percentages represent the proportion of that species within clones





















genus were prevalent in both iceberg lettuce clone libraries, accounting for 31% of the
organic iceberg clone (Ic-O-S) library (Figure 10) and almost all (85%) of the regular
iceberg lettuce (Ic-R-S) clone library (Figure 11). The latter was particularly interesting
because as well as containing unclassified Ralstonia sequences, the regular iceberg clone
library also contained two additional Ralstonia species, Ralstonia solanacearum and
Ralstonia mannitolilytica (Figure 11). Other 16S rRNA gene sequences found in the
regular iceberg sample corresponded to unclassified species of Methylobacterium,
Pseudomonas, and Xanthomonas. While Ralstonia accounted for almost a third of the
organic iceberg clone library, the most prevalent sequence type was an unclassified
species Pseudomonas that accounted for half of the clones sequenced (Figure 10). The
other sequences identified in this sample were an unclassified Acinetobacter
(Gammaproteobacteria) and Sphingobacterium faecium (Bacteroidetes) (Figure 10).
Clone libraries fi*om both organic and regularly grown romaine lettuces (Ro-O-S,
Ro-R-S) were dominated by unclassified species of Stenotrophomonas and
Pseudomonas, although Pseudomonas (69% of the clone library) was more dominant in
the regular romaine sample, while Stenotrophomonas (70% of the clone library) was
more prevalent in the organic sample (Figures 12, 13). These two were the only
sequences identified in organic romaine lettuce (Figure 12), while the clone library
derived from the regular romaine sample also contained sequences related to two other
Gammaproteobacteria, Pseudomonas stutzeri and Xanthomonas axonopodis (Figure 13).
Clone libraries derived from the baby spinach samples yielded a greater variety of
sequence types than the various lettuce samples. Species within the genus Pseudomonas
the most commonly identified clones in both the regular spinach (Sp-R-S; 51% ofwere
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Figure 12. Identifications and percentages of each bacterial species present in organic
romaine (Ro-0) lettuce. Percentages represent the proportion of that species within









Figure 13. Iciemifications and percentages of each bacterial species present in regular
roniainc (Ro-R) lettuce. Percentages represent the proportion of that species within



















clones) and organic spinach (Sp-O-S; 72% of clones), and each of these clone libraries
contained multiple Pseudomonas sequence types (Figures 14,15). Organically grown
baby spinach contained an unclassified Pseudomonas species and a sequence identified
Pseudomonas fragi (Figure 14), whereas four different Pseudomonas sequences
(^Pseudomonas unclassified, Pseudomonas chlororaphis, Pseudomonas rhodesiae, and
Pseudomonas umsongensis) were identified in regularly grown baby spinach (Figure 15).
An unclassified species of Ralstonia was present in the organic baby spinach clone
library (and accounted for 21% of the sequences identified; Figure 14)’but was absent in
the regular baby spinach library. In contrast, Flavobacterium succinans accounted for
14% of the regular baby spinach sequences (Figure 15) but was absent in the organic
sample. Other sequences present in baby spinach were unclassified species of
Corynebacterium (Actinobacteria), Lactobacillus (Firmicutes), Stenotrophomonas
(Gammaproteobacteria), and Xanthomonas (Ganunaproteobacteria) in the organic sample
(Figure 14), and Janthinobacterium lividum (Betaproteobacteria) and an unclassified
species of Erwinia (Gammaproteobacteria) in the regular spinach sample.
as
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Figure 14. Idcnlifications and percentages of each bacterial species present in organic
baby spinach (Sp-0) lettuce. Percentages represent the proportion of that species within



























Figure 15. Identifications and percentages of each bacterial species present in regular
baby spinach (Sp-R) lettuce. Percentages represent the proportion of that species within



























Different salad leaf samples yielded different proportions of bacterial DNA
following amplification with primers Bac799f and Univl492r, suggesting different
amounts of bacteria relative to the amount of plant material. The greatest bacterial band
intensity was seen in the unsterilized regular and organic baby spinach samples,
suggesting that pre-packaged baby spinach may harbor greater numbers of bacteria than
other varieties of lettuce. Lower bacterial band intensities were seen when the baby
spinach was sterilized, indicating that many of these bacteria were present on spinach leaf
surfaces. Interestingly, the spinach samples also appeared to have some of the more
diverse populations: the sterilized regular baby spinach sample gave the largest number
of bands present in DGGE gels, and both organic and regular spinach samples yielded
more diverse sequences after cloning. Thus, baby spinach may contain a greater number
of bacterial cells (resulting in a greater yield of bacterial DNA) and a more diverse
bacterial community than the lettuce varieties tested.
The lowest intensity bacterial band following PCR was seen in the unsterilized
regular green leaf lettuce sample, which had similar band intensity to its sterilized
sample. This suggests that bacteria on this lettuce are probably endophytic, living inside
the leaf and not affected by surface sterilization. Conversely, bacterial band intensities
for both types of iceberg lettuce as well as both types of red leaf lettuce showed that
sterilization had a substantial impact on bacterial presence. Because sterilized samples of
both iceberg and red leaf showed less bacterial DNA than unsterilized samples, it can be
assumed that most of the bacteria associated with these lettuces resided on leaf surfaces.
Furthermore, similar bacterial band intensities were determined for organic and regularly
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grown red leaf lettuces, indicating that growth methods did not appreciably alter the
number of bacteria present for this lettuce type.  A large difference in bacterial band
intensity was seen when comparing regularly grown green leaf lettuce to its organic
equivalent, suggesting that growing method has a large impact on the number of bacteria
associated with green leaf lettuces, with organic production giving higher bacterial
counts. However, the yield of bacterial PCR product is not quantitative, but rather is
relative to the yield of mitochondrial PCR product. Varying amounts of plant
mitochondrial DNA could occur between different samples, either because of different
numbers of mitochondria in the original plant material or differences in lysis efficiency
between leaf types. While probably unlikely, this factor could not be regulated between
samples and could impact these results.
Denaturing gradient gel electrophoresis showed both similarities and differences
in bacterial community structure present within different samples. Bacterial community
structure within the sterilized and unsterilized regular green leaf lettuces were determined
to be identical through DGGE. This shows that sterilization did not impact the bacterial
community present on the regular green leaf lettuce sample, and that the same bacteria
are likely to be present both within the plant and on its surface. Given that these samples
also had similar band intensity (as mentioned above), the bacteria associated with this
type of lettuce were almost certainly endophytic. All of the green leaf lettuce samples
showed similar bacterial community structure, suggesting that growing method (organic
or conventional) also does not have a large impact on the bacterial species present within
this type of lettuce. However, band intensities showed that growing method did impact
the amount of bacteria present. Therefore, organic and regular green leaf lettuces exhibit
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the same bacterial community structure, but the organic type appeared to have much
larger numbers ot these bacteria. This same observation can be made for romaine lettuce,
although sterilization appeared to have a greater influence on bacterial community
structure for this lettuce species, particularly the organic variety. Baby spinach samples
differed in their DGGE profiles based on the growng technique used. Given that the
sterilized and unsterilized organic baby spinach samples were similar to each other (as
were the sterilized and unsterilized regularly grown samples), much of the spinach
bacterial community is likely to be both endophytic and surface associated, with both
differing between organic and conventional growth methods. This was also seen when
examining band intensities for baby spinach which differed between sterilized and
unsterilized samples, as well as between organic and regular samples. It should also be
noted that all of the surface sterilized samples showed significant presence of bacterial
DNA. This further indicates that both endophytic and surface bacteria are present in
these salad greens, and that growth method does impact the bacterial community present.
No consistent trends in DGGE profiles were able to be distinguished in the other lettuce
varieties.
Because each DGGE band represents a dominant bacterial species within the
community (Jackson and Churchill 1999), it might be assumed that the number of
bacterial species determined from DGGE and from cloning and sequencing would be
comparable. However, this trend was generally not seen. For example, sterilized
from organic romaine lettuce and regular baby spinach showed the largest number of
DGGE bands (14 each), so it would be expected that 
these groups would have the large t
number of differing species in the clone library. However, sequencing showed that
samples
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organic romaine eituce had only two bacterial species, far less than the number predicted
by DGGE. Cloning and sequencing analysis of regular baby spinach yielded the largest
number ot dillcrent species obtained (seven), which was closer to, but still less than the
14 predicted by DGGE. It is interesting to note that organically grown baby spinach also
yielded seven ditferent sequences following cloning, which was similar to the nine
visible DGGE bands for this sample, and suggests that the majority of the dominant
species on the DGGE gel were likely chosen for sequencing. The general irregularity in
comparing numbers of DGGE bands and the variety of bacterial species obtained through
sequencing can largely be attributed to the random selection of a relatively limited
number of clones to be sequenced. Sequencing u greater number of clones would likely
have detected a larger number of different species, which may have been more
comparable to the higher numbers suggested by DGGE.
Of the 27 bacterial species identified across all salad vegetable samples, the
commonly identified sequences
Stenotrophomonas, and Ralstonia, as well as Ralstonia solanacearum. The genus
Stenotrophomonas is often associated with animals, as well as plants such as wheat,
cucumber, oat and com (Berg et al. 1999; Hayward et al. 2010). It was originally
classified as a pseudomonad, but in recent years has been reclassified as a genus within
the Xanthomonadaceae. Thus, the genus Stenotrophomonas is a relatively new
classification with only seven species being identified between 1993 and 2007 (Hayward
et al. 2010). One species, Stenotrophomonas maltophilia, has been determined
second only to Pseudomonas aeruginosa in the fi-equency of hospital-acquired infectio
(Hayward et al. 2010), and is an opportunistic pathogen that acts on patients with
most




previous ailments (Berg et al. 1999). However, it is of particular importance in
agricultural efforts, because of its ability to act as a control on fungal plant pathogens,
and its corresponding use in biological pest control. Various antifungal compounds such
as siderophores, antibiotics, proteases and chitinases are produced by both clinical and
environmental isolates of these bacteria (Berg et al. 1999).
The presence of unclassified species Stenotrophomonas in organic romaine,
regular romaine and organic baby spinach clone libraries is consistent with reports of this
bacterium being present in plants (Berg et al. 1999; Hayward et al. 2010). While a
definite identification as to the species of the bacteria found was not able to be obtained,
various species of Stenotrophomonas have been reported in plants (Berg et al. 1999), and
produce antibiotics and enzymes that can help the plant withstand bacterial and
fungal pathogens (Hayward et al. 2010). The Stenotrophomonas populations detected in
this study may be similarly beneficial to the host plant and could even serve as a
biological control mechanism for improved lettuce survival and growth.
The genus Ralstonia is most commonly associated with the wilting of plants. It is
often subdivided into six different races that are derived from the host with which each is
associated, and it has been determined to infect more than 50 families of plants and 200
individual plant species (Huang et al. 2008). Ralstonia solanacearum has been isolated
in various food plants such as potatoes, tomatoes, bananas, and peppers and can also be
detected in soil samples (Deslantes 2001). In recent years, increased numbers of
Ralstonia in soil samples has been a major concern for tobacco crops (Huang et al. 2008),
and potato crops also often suffer from this pathogen (Nouri 2009). Ralstonia
solanacearum and an unclassified species of Ralstonia were detected in many of the
may
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lettuce samples e\ alualed. Organic baby spinach, regular and organic iceberg, regular
and organic red leaf, and regular and organic green leaf lettuce all contained these
bacteria. Gi\ en its importance in bacterial wilt, these species of Ralstonia are likely to be
plant pathogens on lettuce and spinach. Ralstonia were also dominant components of
clone libraries in many of the samples, and it is possible that lettuce samples exhibiting a
higher percentage of Ralstonia in their endoph>1e bacterial community may be further
along in the infection and wilting process. Thus, wjhik Stenotrophomonas m^y htlp
defend the plant from pathogens, it appears that the Ralstonia identified in each of these
differing lettuce and spinach t\pes is likely to be an actual plant pathogen.
The genus Pseudomonas has been described as the most diverse and widespread
of all bacterial genera (Anzai et al. 2000). Isolates of have been obtained
from a range of different environments, spreading from the tropics to the poles, and this
genus is commonly found in soil samples, plants, fungi, animals and even water (Peix et
al. 2009). As of 2008, there were 128 classified species of Pseudomonas. However, this
number is ever-changing due to the use of bacterial 16S rRNA gene sequencing
techniques, and many bacteria that were originally classified as pseudomonads have now
been correctly placed according to their 16S rRNA gene sequences (Peix et al. 2009).
With such a diverse variety of Pseudomonas species, it is difficult to pinpoint one
particular species that could be representative of the unclassified species of Pseudomonas
that was isolated from many of the samples in this study. However, several Pseudomonas
species are known plant pathogens, such as Pseudomonas syringae, a common bacterium
that acts as a pathogen by secreting a protein that causes suppression of the plant’s
natural immunity (Block et al. 2010). Thus, as with the Ralstonia species, the
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Pseudomonas species identified within many of the lettuce samples in this study are very
possibly plant pathogens.
Differing lettuce t> pes did exhibit differences in bacterial species diversity,
although both types of baby spinach exhibited greater bacterial species diversity than the
various lettuces examined. This could indicate the presence of different growth nutrients
for bacteria present in baby spinach in comparison with the various lettuces, although
many of the bacterial species detected in the baby spinach samples were also found in
lettuce. It may be that spinach is a more nutritious growth medium for bacteria, which
results in a greater bacterial load (as was suggested by the ratio of bacterial to
mitochondrial DNA) and a greater diversity of bacterial cells. While human pathogenic
bacterial species were not detected on the salad greens in this study, outbreaks of
pathogens have been linked to salad greens in the past (Heaton and Jones 2008). An
Escherichia coU outbreak that spanned several states in the western United States
linked to intake of spinach in 2006, and Salmonella has often been isolated from th
salad greens (Thunberg et al. 2002, CDC 2006). Greater species diversity in spinach,
well as a greater amount of bacterial DNA observed in PCR results show that baby
spinach could be a more suitable medium for bacterial growth, possibly leading to
increased risk of presence of these pathogenic bacteria.
Organic produce has been speculated to contain larger numbers of bacteria
surface because of the use of animal manure instead of traditional fertilizers (Oliveira
al. 2010). While the bacterial species identified between organic and conventionally
consistent pattern that occurred across all leaf







grown samples did differ, there was no
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sequences of endoph\iic bacteria than their regularly grown equivalents, while organic
red leaf and baby spinach had the same number of bacterial species present as the regular
varieties. Again, because only approximately 20 clones were sequenced from each
library, this ma\- not necessarily show the entirety of the endophytic bacterial species
present within a particular lettuce sample. Other less prevalent species may be present,
so that there ma\- well be differences between organic and regularly grown varieties in
these less numerous bacteria.
Because of the minimal processing of spinaches and lettuces in salad preparation,
the results of this study show that consumers are ingesting a large variety of bacterial
species. The bacteria found have been linked to plant diseases (Huang et al. 2008) as
well as production of antifungal compounds (Berg et al. 1999). Based on bacterial load
and diversity, baby spinach is clearly different from the various lettuces examined.
Ingesting baby spinach likely subjects the consumer to a greater diversity, and perhaps, a
greater number of bacteria than the various lettuce types. Dominant bacteria detected in
all samples included species of Ralstonia, Stenotrophomonas, md Pseudomonas. While
primarily plant-associated bacteria (either as beneficial plant symbionts or as plant
pathogens), certain species of these genera have been implicated in human disease and
ingestion of foods containing these bacteria could impact human health. While
pathogenic bacterial species that cause infections in humans were not found in this study,
the presence of species within the same genera suggests that more in-depth studies into
the endophytic bacteria associated with salad greens are necessary.
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SUMMARY
This stud\- showed that endophvtic bacteria are present in both conventionally and
organically grown salad greens. The bacterial species identified most often were
members of the genera Pseudomonas, Stenotrophomonas, dn^Ralstonia. These are
primarily plant-associated bacteria and their presence within the plant leaves is likely
related to the well-being of the plant. Some are probably plant pathogens, while others
may acts as biological control agents. This study also concluded that baby spinach
harbors a larger bacterial load and greater bacterial diversity than various varieties of
lettuce. This could be the result of a more nutrient-rich environment that allows for better
bacterial survival and growth. No consistent difference was observed between the types
of endophytic bacteria in organic and conventionally grown leaf vegetable varieties.
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